We present a novel design of a micro-structured large-pitch, large-mode-area (LMA) asymmetric rod-type fiber. By reducing the cladding symmetry through six high-refractive index germanium-doped silica inclusions, the fiber features strong higher-order mode (HOM) delocalization, leading to a potentially enhanced preferential gain for the fundamental mode in active fibers. In addition, high resolution spatially and spectrally (S 2 ) resolved mode analysis measurements confirm HOM contributions below 1% and LP 1m -like HOM contributions below the detection limit. This proposed fiber design enables single-mode operation, with near-diffraction-limited beam quality of M 2 1.3 and an effective mode area of 2560 μm 2 at 1064 nm. This design opens new insights into improving the threshold-like onset of modal instabilities in high-power fiber lasers and fiber amplifiers by efficiently suppressing LP 11 modes.
We present a novel design of a micro-structured large-pitch, large-mode-area (LMA) asymmetric rod-type fiber. By reducing the cladding symmetry through six high-refractive index germanium-doped silica inclusions, the fiber features strong higher-order mode (HOM) delocalization, leading to a potentially enhanced preferential gain for the fundamental mode in active fibers. In addition, high resolution spatially and spectrally (S 2 ) resolved mode analysis measurements confirm HOM contributions below 1% and LP 1m -like HOM contributions below the detection limit. This proposed fiber design enables single-mode operation, with near-diffraction-limited beam quality of M 2 1.3 and an effective mode area of 2560 μm 2 at 1064 nm. This design opens new insights into improving the threshold-like onset of modal instabilities in high-power fiber lasers and fiber amplifiers by efficiently suppressing LP 11 modes. Fiber lasers and fiber amplifiers have experienced considerable improvements in recent years and demonstrated remarkable power scalability [1] [2] [3] [4] [5] . However, due to the high optical intensity in the core, the performance of high-power fiber lasers is limited by detrimental nonlinear processes, such as four-wave mixing, self-phase modulation, stimulated Brillouin scattering, and stimulated Raman scattering. To mitigate nonlinear effects, very LMA fibers, which exhibit a mode field diameter larger than 30 μm for operation at 1064 nm have been developed [6] [7] [8] [9] . However, such large core sizes are more prone to allow the propagation of undesired HOMs, which could potentially lead to a performance deterioration due to beam quality distortion. To suppress HOMs in LMA fibers, various advanced waveguide structures have been proposed, including large-pitch fibers (LPFs) [10, 11] , rod-type fibers [1, 12, 13] , leakage channel fibers [14, 15] , chirally-coupled-core fibers [16, 17] , and fibers with resonant mode coupling of HOMs out of the core region [18, 19] . Unfortunately, as the core size increases, the HOM discrimination capabilities in conventional fiber designs decrease. Consequently, LMA fibers are generally not strictly single mode, which ultimately can result in the onset of thermally induced modal instability (MI) at high average powers [4, 20] . MI leads to a threshold-like degradation of the output beam quality in fiber lasers or fiber amplifiers due to the strong power coupling between the fundamental mode and HOMs [21] [22] [23] [24] [25] . Typically, LP 1m -like HOMs have the highest detrimental impact on the onset of MI because these are the modes that are most likely to be excited by a slight misalignment of the input beam [4, 26] . Therefore, fibers that strongly suppress LP 1m -like HOMs modes are desirable to circumvent MI. In this regard, fiber designs with pentagonal, square, and heptagonal cladding microstructures have been extensively analyzed [27] . In general, these designs achieve high modal gain discrimination (i.e., the difference between the mode overlap factors of the fundamental mode and the HOMs with the doped core region), while maintaining low loss for the LP 01 mode. In addition, it has recently been proposed that reducing the cladding symmetry of LPFs enhances the delocalization of HOMs [26, 28, 29] . These aperiodic LPFs enable robust and efficient single-mode operation in active fibers with mode field diameters beyond 2000 μm 2 [29] . In this Letter, we report on the design, fabrication, and detailed characterization of a passive LMA rod-type LPF with reduced cladding symmetry. The fiber incorporates six gradedindex germanium-doped silica inclusions within a hexagonal lattice of air holes. The position of the high-refractive index filaments has been designed to eliminate mirror symmetries in order to reduce the overlap of the LP 1m -like modes with the core region. This waveguide structure improves HOM discrimination, thus allowing for robust single-mode operation and strong confinement of the LP 01 mode within the core. Numerical simulations are in good agreement with the obtained experimental results. Moreover, S 2 mode analysis, a well-known technique for quantifying HOM content in optical fibers, reveals highly effective HOM delocalization and efficient single-mode performance. Figure 1 (a) illustrates the schematic of the reduced symmetry LMA-LPF, where white circles correspond to the air holes of diameter D, the red circles depict germanium-doped inclusions of diameter d and with a refractive index contrast Δn 30 × 10 −3 , and Λ (pitch) is the distance between adjacent cladding elements. The germanium-doped inclusions remove mirror symmetries existent in a conventional hexagonal cladding LPF.
A fiber preform was fabricated using the stack-and-draw technique. The germanium-doped rods were drawn from a conventional telecommunications graded index fiber (GIF) preform. The stack was then drawn to fibers of 1000 (LPF-A) and 810 μm (LPF-B) outer diameters (ODs) and 1.15 m in length.
The measured normalized hole-diameters (D∕Λ) were 0.395 and 0.355 for LPF-A and LPF-B, respectively. Although, in this case, the fabricated fibers are passive, our fibers are composed of an air clad so that avoided crossings between core and cladding modes are taken into account [30] . Figure 1(b) illustrates a scanning electron microscope (SEM) image of the fabricated LPF-A. Numerical simulations demonstrating a highly confined fundamental mode in the core of the fiber (LPF-A) at the wavelength of 1064 nm, as well as the first two HOMs with the highest overlap with the core region, are depicted in Fig. 1(c) . The geometrical parameters of the fabricated reduced symmetry LPFs are summarized in Table 1 .
In order to study the modal properties of the fabricated LPFs, a 53/125 μm core/cladding diameter GIF was used to butt-couple white light from a supercontinuum source to the fiber under test. The output beam profiles were then recorded using a microscope objective (with 20× magnification) and an infrared camera. Figure 2 shows the recorded near-field output profiles after propagation along 1.15 m of LPF-A using a 10 nm bandpass filter centered at 1064 nm. For centered excitation, only the fundamental LP 01 -like mode was observed at 1064 nm as can be seen from Fig. 2 . This is despite the fact that the excitation light was multimode and not mode matched to the fundamental mode of the fiber under test. Moreover, the beam quality factor M 2 at the wavelength 1064 nm was measured to be 1.3.
To verify the robust single-mode operation of the fibers under various launching conditions, we misaligned the input beam by translating the GIF along the transverse direction from −30 to 30 μm through 10 μm increments, attempting to excite HOMs. According to the measured output intensity profiles shown in Fig. 2 , no HOMs were excited even under rather strong misalignment conditions. Visualization 1 shows the evolution of the near-field intensity profile of the output beam at 1064 nm under transversal displacement of the launch fiber. As it is clear, single-mode behavior with strong delocalization of HOMs is observed. Here we also note that similar output profiles were obtained by scanning a small core single-mode fiber across the entrance facet using a 1064 nm laser source. Moreover, it should be mentioned that LPF-B showed similar performance as fiber LPF-A under various launching conditions. These results confirm the effective single-mode operation and strong HOM delocalization of our reduced symmetry LMA fibers.
In order to study the guidance characteristics of LPF-A and LPF-B as a function of wavelength, near-field intensity profiles were recorded for centered excitation using 10 nm bandpass filters, as depicted in Fig. 3 . Both LPF-A and LPF-B exhibit dominant single-mode operation over a broad spectral range of 850-1650 nm with the exception of particular wavelength regions where the core mode couples to the germanium-doped rods. The particular resonant wavelengths, for which the fibers do not provide efficient guidance, depend exclusively on the parameters of the graded index resonators. As can be seen in To further validate the highly effective HOM delocalization and single-mode behavior of the fibers, S 2 resolved imaging was applied [31] . The technique is based on a spatially resolved measurement of the spectral interference between modes propagating simultaneously in the fiber with different group velocities. Figure 4 shows the results of the S 2 measurements for LPF-A at 1064 nm. The Fourier transform (FT) signal at a group delay difference (GDD) of 0 pm/s corresponds to the autocorrelation signal of the fundamental mode guided in the core of the fiber. Therefore, plotting this signal as a function of x; y position yields the fundamental mode intensity distribution shown in Fig. 4(b) . Due to the spatial distribution of its intensity, the second peak detected at GDD 0.1193 ps∕m, marked as a red circle in the inset of Fig. 4(a) , is attributed to a small content of a radially symmetric LP 02 -like mode. From the amplitude of the FT, the amount of LP 02 -like modes excited in the fiber can be quantified to be 0.28%. Other features in the FT spectrum with even smaller FT amplitudes do not correspond to any particular HOM guided in the asymmetric LPF; hence, they are attributed to the small amounts of excited cladding modes supported by the fiber.
Our results indicate that in similar active fibers based on the proposed asymmetric LPF designs, LP 11 -like HOMs, which are the most disturbing modes in detrimental MI effects in highpower fiber amplifiers, can perhaps be very strongly suppressed compared to conventional symmetric LMA fiber designs. Such strong HOM suppression confirms the potential of the investigated asymmetric LMA fiber to significantly increase MI thresholds and enable higher output powers of fiber lasers and amplifiers before the onset of beam quality distortions.
In conclusion, we designed, fabricated, and characterized a reduced symmetry passive LMA rod-type fiber with near-diffractionlimited beam quality of M 2 1.3 and effective mode area of 2560 μm 2 at 1064 nm. The fabricated fibers included six highindex germanium-doped silica elements inserted asymmetrically in the cladding lattice in order to suppress LP 11 -like HOMs guiding in the fiber core. No significant HOM content was observed, even for strongly misaligned coupling of light relative to the fiber core center.
The effective HOM delocalization of the fiber has been shown across a broad spectral range from 850 to 1650 nm for different core diameters. Further investigations using S 2 imaging showed a negligible amount of LP 02 (0.28%) in the fiber, confirming the robustness of single-mode operation and the strong suppression of LP 11 -like modes. This LPF design with an asymmetric cladding structure is a promising route to improve the threshold-like onset of MI in high-power fiber lasers and amplifiers. 
